We are given a production system composed of several parallel machines subject to random failures. A set of items are to be produced in lots on these machines. To prevent failure production system must be maintained. We assume that these maintenance actions have an effect on the available production capacity of each machine. The objective is to generate an integrated production and preventive maintenance plan that optimizes the total costs for the system. In this paper we first discuss an existing mathematical formulation of the problem and then propose an extension and illustrate it with an example.
INTRODUCTION
The recent past years have witnessed a very strong increase in competition between manufacturing companies worldwide. To cope with a tough competition from immerging low-wage countries and to insure their market position, most of the western companies invested in highly automated quality machinery. These machines typically require fewer operators, produce high quality products, but are also more expensive. Therefore, a company with such modern machinery has to optimize the utilization of the production capacity in order be profitable (Aghezzaf et al., 2008) .
In such a system the production capacity depends on two processes: the production process itself and the maintenance process. In most companies, these two processes are planned independently. The result is that conflicts may arise between both plans. It is clear that both processes have a large influence on each other. Therefore, it is useful to develop a planning model that integrates both production and maintenance.
STATE OF THE ART
As the importance of integrating production and maintenance started growing over the recent past few years, some studies have tried to study the integrated problem. Ashayeri et al. (1996) investigated this problem by performing a case study in the process industry. They worked out an integrated model for a multi-machine production system but at the operational level. A large disadvantage was the use of discrete chances to simulate machine failure instead of the normally used failure rate function. Graves & Lee (1999) investigated an integrated planning for a single machine also at an operational level. They used the total weighted completion time as criteria for the solution. The drawback here is the fact that only one maintenance activity was allowed during the time horizon. Later, Lee & Chen (2000) extended this model to several parallel machines and then to job shops.
While the above studies focus on the operational level, Wienstein & Chung (1999) have proposed a mixed integer program to evaluate the maintenance policy of a company at the aggregate planning level. They minimize the sum of the production costs, the labor costs and the maintenance costs. Another integrated model at the aggregate level, developed by Cassady and Kutanoglu (2005) , minimizes the weighted completion time of the jobs. Both aforementioned aggregate planning models take into account preventive maintenance actions, but they ignore reactive maintenance. Aghezzaf et al. (2007) satisfy this lack by presenting a model that explicitly takes into consideration the reliability parameters of the system. The objective of this single machine model is the minimization of fixed and variable production costs, inventory costs, and costs related to preventive and corrective maintenance activities. An extension to parallel machines is given by Aghezzaf and Najid (2008) . Berrichi et al. (2009) also consider the parallel machine problem. They propose two genetic algorithms to solve a bi-objective model for joint production and maintenance scheduling. The first objective is related to production scheduling and is the minimization of the makespan. The second objective is related to maintenance scheduling and is the minimization of the system unavailability. Berrichi et al. (2010) present an ant colony based heuristic to solve the latter problem leading to superior results.
MODEL AND SOLUTION ALGORITHM
In this section we propose some alterations for the mathematical formulation proposed by Aghezzaf and Najid (2008) . We will recapitulate this formulation and extend the solution algorithm as proposed by Aghezzaf et al. (2007) for a single machine system. We will immediately refer to the rewritten model which can be solved in CPLEX, for the original model formulation we refer to Aghezzaf and Najid (2008) .
The goal of the model is to generate a production planning so that each product ∈ fulfills the demand . Each machine has a limited capacity that is consumed by the production process, but also by the maintenance activities. In order to simulate machine failure, a failure rate distribution is used. Assume that preventive maintenance will restore the machine to 'as-good-as-new'. Reactive maintenance will return the machine to an 'as-good-as-old' status. This means only minimal repair is performed at failure. The PM policy has to be determined by the preventive maintenance cycle = . The model will, besides the production planning, also return the optimal values of . 
Sets and Parameters
, ≥ 0; ∈ ; ∈ 0,1 ∀ ∈ , ∈ , ∈
We argue that the model as presented above does not accurately calculate the reactive maintenance costs. In periods in which no production is planned on one or both machines, reactive maintenance is still counted. To avoid this cost miscalculation, we introduce a new binary variable . The objective function can now be changed as in (1') whereby reactive maintenance on a machine m will only be incurred if production is planned in that certain period t. By adding a new constraint (6) 
The model can now be solved by the solution algorithm proposed in Aghezzaf et al. (2007) , extended for parallel machines.
COMPUTATIONAL RESULTS
The model for parallel machines proposed in this paper is now compared with the original model introduced by Aghezzaf and Najid (2008) . It is investigated if the new model generates significantly different solutions and the impact on total costs is evaluated.
Assume the time horizon consists of 8τ periods. The production system of a company consists of two machines, a new one (M1) and an old one (M2). Due to the age difference, some of the parameters for the two machines are different. These parameters are summarized in Table 1 . The inventory costs ℎ are independent of the product and the time period and are equal to 2. Finally the failure function is the same for both machines. It is a Weibull distribution with a shape and scale parameter both equal to 1.5. The values for the failure function are given in Table  2 . Demand for both products is given in Table 3 . Results for this problem instance are shown in Table 4 . When comparing results for the old and new model, optimal costs of the different maintenance policies differ relatively between 8 and 30%. These cost differences are significant and we therefore conclude that it is worthwhile using our extended model to obtain realistic cost results. In this example the optimal solution is for both models the same, i.e. = = 5, but the costs differ with 17%. In other cases the new model might even lead to a different optimal maintenance policy. 
